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Control of Supercritical Organic Rankine Cycle based Waste Heat Recovery 
System using Conventional and Fuzzy Self-Tuned PID Controllers 
 
Jahedul Islam Chowdhury, David Thornhill, Payam Soulatiantork , Yukun Hu, Nazmiye Balta-Ozkan, Liz 
Varga and Bao Kha Nguyen* 
 
Abstract: This research develops a supercritical organic Rankine cycle (ORC) based waste heat recovery (WHR) 
system for control system simulation. In supercritical ORC-WHR systems, the evaporator is a main contributor to 
the thermal inertia of the system, which is greatly affected by transient heat sources during operation. In order to 
capture the thermal inertia of the system and reduce the computation time in the simulation process, a fuzzy-based 
dynamic evaporator model was developed and integrated with other component models to provide a complete 
dynamic ORC-WHR model. This paper presents two control strategies for the ORC-WHR system: evaporator 
temperature control and expander output control, and two control algorithms: a conventional PID controller and a 
fuzzy-based self-tuning PID controller. The performances of the proposed controllers are tested for set point 
tracking and disturbance rejection ability in the presence of steady and transient thermal input conditions. The 
robustness of the proposed controllers is investigated with respect to various operating conditions. The results 
show that the fuzzy self-tuning PID controller outperformed the conventional PID controller in terms of set point 
tracking and disturbance rejection ability at all conditions encountered in the paper. 
 





Over the past few decades global emissions have 
doubled, with the top three energy-consuming sectors 
(energy supply sector: 25%, industry: 21% and transport: 
14%) accounting for 60% of total emissions [1]. Due to 
its limited conversion efficiency, a large amount of 
energy generated by burning of fossil fuels is released 
into the environment as waste heat, therefore it is very 
important to recover any waste heat to enhance the 
conversion efficiency and minimise the environmental 
impacts. Waste heat from energy-intensive sectors is 
mostly low (<230°C) and medium (230-650°C) grade of 
energy [2]. One of the promising waste heat recovery 
(WHR) technologies for low to medium grade heat is the 
Organic Rankine cycle (ORC), which can convert waste 
heat into electricity that avoids the equivalent conversion 
from other sources. 
The ORC is a thermodynamic power cycle consisting 
mainly of thermo-mechanical devices such as an 
evaporator, a pump, a condenser and an expander, as 
shown in Fig. 1(a). The ORC uses organic fluids instead 
of water, which is common in the traditional steam 
Rankine cycle (SRC). The traditional SRC for low and 
medium grade heat recovery applications is normally 
designed and operated at a pressure lower than the 
critical pressure of water, which is called a subcritical 
cycle; whereas the ORC for similar applications can 
work not only under subcritical conditions, but also 
under supercritical conditions - this indicates that the 
working pressure of the cycle is higher than the critical 
pressure of the organic fluid (see Fig. 1(b) and (c)). 
The basic principle of the supercritical cycle is the 
same as the subcritical ORC, except that the working 
fluid is heated up (points 2-3 in Fig. 1(c)) directly in the 
supercritical state without going through a two-phase 
state [3]. This heating condition gives a good thermal 
match between the heat source and the working fluids, 
thereby improving heat recovery [4]. In recent years, the 
supercritical ORC has attracted a lot of attention as many 
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publications can be found on working fluid selection [5], 
circuit configuration and design [6] and performance 
analysis and optimisation [3,7–11]. However, most 
analyses were based on steady-state conditions only, 
with a limited number of publications on dynamic 
conditions. Therefore, this paper briefly presents the 
development of a dynamic supercritical model of the 
ORC-WHR system, focusing on the evaporator, which is 
the most crucial contributor to the thermal inertial of the 
system. Traditionally, evaporator models have always 
been developed using finite volume (FV) method which 
has a higher accuracy and can capture the thermal inertia 
of a system effectively [7,12]. However, due to a 
numerical approach, the FV method is highly time 
consuming in simulations and real time applications [7, 
13,14]. Therefore, the proposed evaporator model based 
on fuzzy logic was developed in this research to save 
computation time and make it suitable for real-time 
applications. 
 




































Fig. 1. (a) Schematic diagram of organic Rankine cycle 
(ORC), (b) T-S (Temperature-Entropy) diagram of 
Subcritical ORC and (c) Supercritical ORC 
 
The control in real-time ORC systems is always 
challenging because it has to deal with the dynamic 
conditions of the heat source, which has many 
constraints and uncertainties that must be taken into 
account in control system simulations [15]. To address 
these challenges, different control strategies such as 
conventional PID and advanced controllers, e.g. Model 
Predictive Controllers (MPC), were used for the control 
of ORC in automobile and power plants [16, 17]. Yebi et 
al. [17] used a parallel heat exchanger ORC-WHR 
system for the diesel engine and designed a nonlinear 
model predictive controller (NMPC) to regulate the 
output temperatures of both heat exchangers. The 
controller was then compared to a conventional PID 
controller and the results showed that the NMPC has less 
control response time and overshoot. Quoilin et al. [18] 
used two PI controllers in the simulation of optimised 
control strategies for small scale ORC. However, these 
studies are limited to subcritical ORCs only. Since the 
research of supercritical ORC is recent and growing, and 
there is no known control related work in the literature, 
this paper therefore contributes to the knowledge of 
existing ORC technology by developing control 
strategies, e.g. evaporator temperature and expander 
output controls, and control algorithms for slow response 
and high thermal inertia WHR system. In this paper, the 
novel fuzzy based dynamic evaporator model is 
integrated with other components of the ORC-WHR 
system, and then uses it for control system simulation. 
Due to inherent transient nature of waste heat from 
automotive vehicles and uncertain nonlinearities, the 
control of supercritical ORC is much more challenging 
and complex. To address such nonlinearities, fuzzy 
technique is used to design self-adapting controllers, as 
proposed in several studies [19,20]. A fuzzy self-tuning 
PID controller is proposed to control evaporator outlet 
temperature of the ORC, and to improve the control 
performance of the conventional PID controller in this 
research. Another PI controller is added to control the 
expander output. The performance of both controllers is 
then investigated and evaluated in this paper. 
The rest of the paper is organised as follows. The 
system dynamic model of the ORC is presented in 
Section 2. Control problems and strategies are outlined in 
Section 3. Control simulations for evaporator outlet 
temperature and expander output are presented and 
described in Section 4 and 5, respectively. Conclusions 
and recommendations for future work are provided in 
Section 6.   
 
 
2. DYNAMIC MODEL OF WASTE HEAT 
RECOVERY SYSTEM 
 
Fig. 2 represents a dual-loop WHR system, which 
consists of a primary ORC loop and a secondary heat 
transfer loop. The dynamic model of the supercritical 
ORC-WHR system comprises of a pump, an evaporator, 
an expander, a condenser, an accumulator, and a valve, 
as shown in Fig. 2. The heat source fluid is considered to 
 
 
Fig. 2. Dynamic model of ORC-based WHR system. 




be waste heat in the form of hot water obtained from an 
IC engine via the secondary heat transfer loop. This heat 
source could also be from other applications such as 
solar plants, steam power plants, geothermal plants, etc. 
On the other hand, R134a is used as the working fluid of 
the ORC. Due to the importance of control and energy 
conversion in the ORC loop, component modelling on 
the secondary loop in Fig. 2 is ignored. 
 
2.1 Evaporator model 
In this work, a plate heat exchanger is chosen as the 
evaporator. Due to high transient heat sources and the 
variable thermo-physical properties of a working fluid 
under supercritical conditions, dynamic models of 
evaporators are commonly developed using finite 
volume method [21]. This method is robust and has a 
higher accuracy than other conventional methods such as 
zone modelling method. However, the method is 
extremely time consuming for simulation and cannot be 
used in real time control applications [7,22]. A novel 
model of the evaporator using fuzzy logic technique is 
therefore developed in this paper. The fuzzy logic 
concept with a time delay can be used to develop a 
model of a nonlinear system which does not require a set 
of complex mathematical equations as shown in [23,24]. 
It requires less resource and saves substantial 
computation time. 
 
2.1.1 Design of fuzzy based model 
The fuzzy based dynamic evaporator model is 
developed with three inputs and two outputs and consists 
of two functioning parts: a fuzzy inference system and a 
thermal inertia block (see Fig. 3). The inputs of the fuzzy 
model are the refrigerant mass flow rate rm , heat source 
mass flow rate hm  and heat source temperature hT  
while the outputs are the evaporator outlet temperature 
roT  and heat source outlet temperature hoT . For a given 
set of inputs, the fuzzy inference system calculates 
_ _r oT and _ _h oT , a set of interim crisp values of the final 
outputs, and feeds the values to the thermal inertia block 
that accomplishes the inertia part of the model and 
provides the dynamic model outputs, 










Fig. 3. Fuzzy based dynamic evaporator model 
 
The fuzzy based evaporator model was designed to a 
specific application and the initial designed parameters 
were obtained from a robust FV model presented by the 
authors in [21]. The ranges of the inputs and outputs 
parameters of the fuzzy model are shown in Table 1. 
These ranges were determined and adjusted from the 
experience about the system of the designer. The input 
and output ranges defined for the fuzzy based model are 
classified into different linguistic levels, which are called 
membership functions. There are six linguistic levels that 
are used to define the model: VL- Very Low; L- Low; 
M- Medium; MH- Medium to High, H- High, and VH- 
Very High. Each of the inputs has three membership 
functions, while the output 
roT  has five and hoT  has 
six. The numbers of the membership functions were 
selected in a way so that they are adequate to represent 
the nonlinearity of the evaporator and can achieve at 
least 90% accuracy against the reference FV based 
evaporator model in [21]. The range of the membership 
functions and their design can be found in detail in [22]. 
A permutation of the inputs variables and their 
membership functions provides a total of 27 fuzzy rules 
(see Ref. [22]). The fuzzy rules establish the logical 
relationship between the input variables in space to the 
output variables. The rules of the fuzzy model are 
generally defined from the knowledge of characteristics 
of the system. In this dynamic model, the rules were 
established from the intuition and knowledge of the 
evaporator used in this paper.  
 









Mass flow rate of refrigerant, rm  0.01 kg/s 0.25 kg/s 
L, M, H Mass flow rate of heat source, hm  0.05 kg/s 0.30 kg/s 
Temperature of heat source, hT  400 K 523 K 
Evaporator outlet temperature,
roT  364.5 K 470 K 
VL, L, M, 
H, VH 
Heat source outlet temperature, 
hoT  
285 K 595 K 
VL, L, M, 
MH, H, VH 
 
 
The thermal inertia block, which is the second part of 
the fuzzy model, calculates the inertial effect based on 
the geometry and material properties of the evaporator, 
fluids’ flow rates, temperatures and thermo-physical 
properties of the fluids in the evaporator. The thermal 
inertia of the model is defined according to the 
adjustment made from the knowledge of the transient 
behaviour of the evaporator used in [21], which can be 
found in [22].  
 
2.1.2 Model validation 
In order to validate the fuzzy based dynamic 
evaporator model, the outputs of the model are compared 
with that of the renowned finite volume model in [21] 
and shown in Fig. 4. This figure illustrates that the 
transient variations of the fuzzy model’s outputs are 
similar with that of the FV model, except small 
discrepancies in some times in the test period. The 
goodness of fit, RMSE and MAPE of the fuzzy based 
model were calculated against the reference data shown 
in [21]. The fitness, RMSE and MAPE obtained for 
roT  
are at 90.32%, 1.10K, 0.19% and for 
hoT  are at 
91.24%, 3.09K, 0.58%, respectively. In addition to these 
promising numbers, the actual time used for the 
simulation of the fuzzy based evaporator model was 5.19 
s, compared to 3820.6 s for the FV model. That means 




the fuzzy model is hundreds of times faster for 
computation than the FV model. These performance 
indicator numbers illustrate that the fuzzy logic concept 
can be utilised to develop the evaporator model for the 






Fig. 4. Comparison of fuzzy and FV based evaporator 
models outputs, (a) for
roT : Fitness= 90.32%, RMSE= 
1.10K, MAPE=0.19% (b) for
hoT : Fitness= 91.24%, 
RMSE= 3.09K, MAPE=0.58% 
 
 
2.2 Pump and expander models 
Since the pump and expander are positive 
displacement machines, their response time in the 
operation of the ORC-WHR system is much faster than 
that of the evaporator. In such a case, complex dynamic 
models of the pump and expander are unnecessary, and 
steady state models are sufficient to serve the purpose. 
The pump used in this research was a diaphragm type, 
whose mass flow rate is proportional to the speed of the 
pump [25], while the expander is a scroll type whose 
model is represented by thermodynamic state enthalpies.  
 
The pump work input pW is given by 
 








                       (1) 
 
The expander work output expW is given by 
 
exp exp exp exp, exp,( )i oW m H H                    (2) 
 
where 
pm is the mass flow rate of the pump in kg/s; 
p is the average specific volume of the refrigerant in 
m3/kg; ,p iP  and ,p oP are the inlet and outlet pressures of 
the pump in kPa, respectively. expm is the refrigerant 
mass flow rate through the expander; exp,iH  and 
exp,oH are the enthalpy at the inlet and outlet of the 
expander in kJ/kg, respectively; 
p and exp are the 
efficiency of the pump and expander, respectively.  
 
2.3 Condenser and accumulator models 
Since dynamic model of the evaporator is of greater 
importance due to more transient disturbances from a 
heat source than that of a condenser, the condenser used 
in this paper is modelled thermodynamically in (3). The 
accumulator, on the other hand, is represented by a set of 
time dependent equations. The purpose of the 
accumulator is to absorb the working fluid fluctuations in 
the cycle and ensure that there is liquid refrigerant at the 
inlet of the pump. 
 
The condenser model is given by 
 
exp, ,( )con con o con oQ m H H                      (3) 
 
The accumulator model is given by 
 





                      (4) 





                 (5) 
 
where conQ is the condenser power;  is the relative 
liquid level at the accumulator; 
,r l  is the specific 
volume of the refrigerant at liquid state; 
acV  is the total 
volume of the accumulator. 
 
2.4 Valve model  
The control valve in the WHR system is used to pass a 
required amount of flow through the expander and the 
rest of the flow through a by-pass valve as shown in Fig. 
5. The modulation between the port A and B can be 
made using the degree of valve opening of the ports.  
The mass flow rate through the valve ,r vm can be 
calculated as follows: 
 




Fig. 5. Three-ways modulating control valve 
 
The pressure loss P in the ORC-WHR system is 
modelled using the Darcy–Weisbach pressure drop 
correlation, while the friction factor Df  is estimated by 
Haaland’s correlation [26] as follows: 
 























    
   
              (8) 
 
where  is the valve opening (%), vA  is the cross-
sectional area in m2,   is the density of the fluid in 
kg/m3, P  is the pressure drop across the valve in kPa, 
pL  is the length of the pipe in m, v  is the velocity of 
the fluid in m/s, hD  is the hydraulic diameter of the 
pipe in m. 
p  and /p D  are the absolute and relative 
roughness of the pipe in m, respectively. 
 
Table 2. ORC model parameters. 
Name Value Ref. 
Evaporator heat transfer area, A  5.78m2 
[21] 
Evaporator plate length, L  0.478m 
Evaporator plate width, W  0.124m 
Number of plates,
plN  100 
Thermal conductivity, K  15W/m K 
Pump efficiency,
p  0.75 
Expander efficiency,
exp  0.8 [27] 
Evaporator pressure, evP  6000 kPa Assumed 
Condenser pressure, conP  770 kPa Assumed 
Condenser temperature, conT  303K Assumed 
 
Although the steady state model of the pump and the 
valve are integrated in the dynamic model of the ORC-
WHR system, using the models in this form in a control 
system may lead to unsteadiness and rapid oscillations 
[18]. To reduce the possible rapid oscillations, the 
response of the pump speed and the valve are filtered by 









                             (9) 
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                              (10) 
where 
fp
N  is the filter for the pump, 
f
  is the filter 
for the valve; p  and v  are the time constants for the 
pump and the valve which are assumed to be 2 s and 1 s, 
respectively. 
The values of the time constants represent the 
actuation delay of the pump and valve which are 
reasonable as can be seen in the literature [18]. The 
overall ORC parameters used in the integrated model are 
shown in Table 2. 
 
 
3. CONTROL PROBLEMS AND STRATEGIES  
 
Keeping the ORC-WHR system within nominal 
operating ranges with transient heat sources is always 
challenging. If the process variables such as evaporator 
outlet temperature operate beyond the nominal range, 
this can be harmful to the system components and affect 
the performance. The evaporator temperature is therefore 
a critical parameter that must be controlled during the 
operation. The temperature should not be too low so as to 
create liquid droplets when expanding in the expander, 
yet not too high so that the ORC’s components are 
damaged. Also, it is reported that a higher evaporator 
temperature is not ideal to achieve greater heat recovery 
efficiency [18]. Therefore, an ideal temperature of 405 K 
for R134a was derived from the steady-state analysis of 
the system and is illustrated in Fig. 6. This temperature 
meets both the safety requirements and provides 
reasonable heat recovery efficiency. Also, the selected 
temperature is the minimum temperature that could 
prevent the formation of droplets in the expander, which 
corresponds to the evaporator working pressure of 6000 
kPa and an entropy of 1.7 kJ/kg K. 
 
 
Fig. 6. Selection of evaporator outlet temperature from 
P-h diagram of R134a 
 
The expander work output in the dynamic model is 
also affected by the transient heat sources. A sudden 
variation in the inlet conditions and therefore the output 
power, can lead to certain critical conditions (i.e. 
breakdown, hammering, excess wear, etc.) of the 
expander. Since an expander, in a small-scale WHR 
system, is an expensive device, the expander power 
output should be controlled to avoid such unexpected 
conditions.        
In order to keep the operating parameters within a 
desired operating range and avoid critical conditions, two 
control strategies are suggested: (1) control of evaporator 
outlet temperature and (2) simultaneous control of 
evaporator outlet temperature and expander output.  
    
3.1 Evaporator temperature control  
In the first strategy, the evaporator outlet temperature 
is controlled by the pump of the ORC. In the case of a 
diaphragm pump, the mass flow rate of refrigerant is 
dependent on the pump speed. Also, the relationship 
between the refrigerant mass flow rate and the outlet 
temperature of the evaporator is such that a modification 
of the mass flow rate changes the evaporator outlet 
temperature [18]. Therefore, the pump speed, which 
regulates the mass flow rate, can be used to control the 
evaporator outlet temperature. In this control strategy, 
the evaporator temperature is controlled alone, while the 
expander is allowed to rotate freely. This strategy is 
particularly valid in small-scale WHR systems where the 
expander output is expected to be low and controlling the 
output may not be beneficial for conversion efficiency of 




the cycle.  
 
3.2 Evaporator temperature and expander output control 
In the second strategy, the evaporator temperature is 
controlled by the pump, which is the first strategy, while 
simultaneously the expander output is proposed to be 
controlled by the proportional valve used in the ORC. 
Since the expander work output is a function of the mass 
flow rate of the refrigerant, control of the valve opening 
can be used to regulate the work output. Unlike the first 
strategy, the expander output cannot be controlled alone 
due to the fact that without the temperature control first, 
the expander may receive liquid-vapour mixtures and 
cause damage to it. To control the temperature first, a 
controller regulates the mass flow rate of the refrigerant 
which can cause a sudden change of expander power 
output due to a large control input at any given time. 
Therefore, the objective of the control of the expander 
work output is not only to maintain the operation at a 
predefined set point but also to reduce the sudden rise of 
the power output. 
 
 
4. SIMULATION OF EVAPORATOR 
TEMPERATURE CONTROL  
 
4.1 Conventional PID controller  
A conventional single-input-single-output (SISO) 
parallel type Proportional – Integral – Derivative (PID) 
controller combined with a first order filter is initially 
used to control the evaporator outlet temperature from 
deviating from set points. The control variable in this 
case is the pump speed. An increase in the pump speed 
will increase the mass flow rate of the working fluid 
which will cause a decrease in the evaporator outlet 
temperature (and vice-versa).  
The PID parameters pK , iK , dK and filter 
coefficient z were tuned in order to obtain a good 
compromise between the time requirement to achieve 
control stabilisation and a reduction of the control 
overshoot. The aim of the tuning process was to meet the 
requirement of having overshoot, rise time, and settling 
time equal to 3%, 18s, and 69s, respectively. The tuned 
values for the PID parameters are: 
84.07pK  , 3.59iK  , 72.69dK   and 138.0z .  
The control performance and control signal of the PID 
controller for a step change are shown in Fig.7 and Fig. 
8, respectively. At time 0 s, a step change of 3 K is 
applied to the initial set point temperature of 405 K. The 
response of the evaporator outlet temperature roT  and 
the pump speed with respect to the step change are found 
to be satisfactory. It can be seen from Fig. 7 that the 
desired set point temperature can be achieved within 
100s. To meet the set point demand, the controller 
changed the control signal swiftly as shown in Fig. 8 
The response of roT  and the performance of the 
controller are also tested to demonstrate the variable set 
points tracking ability when the system input condition 
changes. Fig. 9 presents the system response with respect 
to different input conditions as listed in Table 3. These 
cases are within the nominal heat inputs that can be used 
for low and medium grade and micro-scale WHR 
systems [18,28]. 
 





















Fig. 7. Response of roT  with a step change of SProT ,  
 




















Fig. 8. Response of pump speed 
 
Table 3. Nominal heat inputs to WHR system 
Case hm  (kg/s) hT  (K) 
Case 1 0.2 500 
Case 2 0.25 490 
Case 3 0.22 485 
 
 
Fig. 9 indicates that the tracking performance of the 
PID controller vary for different input conditions. 
Although the reference set points are kept the same for 
all cases, the performance of the controller for cases 2 
and 3 are reduced significantly. Therefore, the design of 
a self-tuning PID controller and its performance in 
comparison with the conventional PID controller are 
discussed in the next section. 
 
Fig. 9. Variable set point tracking of PID controller 
under different input conditions 
 
4.2 Fuzzy self-tuning PID controller 
The evaporator temperature is the critical parameter 
which is likely to be affected by the variable input 
conditions. Since the evaporator has a high thermal 
inertia and slow response, the conventional PID 
controller with invariable parameters is expected to work 




inefficiently in the presence of transient disturbances. 
Therefore, a fuzzy self-tuning PID controller is proposed 
to improve the control performance in this research. The 
fuzzy self-tuning method provides an opportunity to 
adjust the PID parameters when a system is running with 
variable input conditions [29,30]. The structure of the 
fuzzy self-tuning PID controller is shown in Fig. 10(a).  
The fuzzy self-tuning PID controller consists of two 
separate functional parts: the fuzzy tuner and the PID 
controller, as shown in Fig. 10. The fuzzy tuner has two 
inputs: the error ( )e t between the reference and 
measured value of the evaporator outlet temperature, and 
the rate of change of the error ( )de t , and three outputs 
are the PID parameters pK , iK  and dK . 
The inputs of the fuzzy tuner are defined by three 
subsets. They are SE: small error, ME: medium error and 
LE: large error for the ( )e t ; LR: Low rate, MR: medium 
rate and HR: high rate for the ( )de t . The fuzzy subsets 
assigned to the output variables pK  and iK  are L: 
low, LM: low to medium, M: medium, MH: medium to 
high and H: High, and for the dK are L: low, M: 
medium and H: high. The range of the inputs and outputs 
parameters are defined as follows: 
[min,max]( )e t = [-10,10], 
[min,max]( )de t = [-100,100], [min,max]pK = [80,300], 
[min,max]iK = [1,5] and [min,max]dK = [-300,300]. The 
membership functions of the inputs and the normalised 
outputs fuzzy subsets and their ranges are shown in Fig. 
11. The inputs of the fuzzy tuner are obtained from an 
estimated range of error and its rate of change for the 
WHR system, while the outputs variable ranges are 
determined from the PID control simulation and adjusted 






Fig. 10. (a) Structure of fuzzy self-tuning PID controller, 






Fig. 11. Membership functions of (a) )(te and )(tde ,
 (b) ip KK , and dK [“ ' ” represents normalised value] 
 
The rules of the fuzzy tuner are created utilizing the 
fuzzy IF-THEN statements and with the mentioned fuzzy 
sets of the input and output variables, and can be 
presented as follows: 
 
Rule l : IF ( )e t is j AND ( )de t is j  THEN 
pK  is j AND iK  is j AND dK  is j          (11)                    
 
where 1,  2,  3.....j n , n is the number of fuzzy rules 
which is nine in this case, j , j , j , j and j  are the 
j th fuzzy sets of the input and output variables of the 
fuzzy system. The rules are established based on the 
dynamic characteristics of the ORC-WHR system, as 
detailed in [21,22] and simulations from the PID 
controller, which are shown in surfaces in Fig. 12.  
For a given particular input fuzzy set  inU , the 
output fuzzy set   in S  for PK   is computed through 









































  (12)                                   
Similarly, the output membership functions for 
iK  and dK  are calculated in (12). In this research, the 
membership functions used for the fuzzy tuner are 
triangular type, and their normalised form is denoted 
by  .  




To convert the aggregated fuzzy set to a crisp output 
value Y  from the fuzzy set   in RV  , the centroid 
defuzzification method is used in this model, which 
computes the centre of gravity of the membership 

















                         (13) 
 
 
Fig. 12. Fuzzy control rules (a)
pK (b) iK and (c) dK  
 
The performance of the fuzzy-self tuning PID 
controller tested for set point tracking and robustness and 
compared with the conventional PID controller is 
presented in the following sections.  
 
4.2.1 Set point tracking for evaporator temperature  
To investigate the set point tracking ability of the 
controllers, variable steps of the evaporator temperature 
are used as the reference inputs of the ORC-WHR 
system. The steps variations are selected as follows: at 
200 t s , 
,ro SPT drops from an initial value of 405 K to 
402 K; at t = 700 s , the set point increases to 405 K; at t 
= 1500 s , the set point further rises to 407 K; and finally 
at t = 2000 s, the set point declines to 400 K. These step 
changes are arbitrarily chosen around the ideal 
temperature which is described in Section 3.  During 
this test, the nominal input parameters to the system, 
hm = 0.2 kg/s and hT = 500 K, are kept constant. The 
corresponding responses of the process variables, roT  
and 
expW , and the control input pN  are shown in Figs. 
13-15.   
 
Fig. 13. Response of roT  with respect to variable steps. 
 
 
Fig. 14. Variation of pump speed 
 





















Fig. 15. Response of expander work output 
 
Fig. 13 demonstrates that the response of roT  for the 
fuzzy self-tuning PID controller is faster than that of the 
conventional PID controller. It also shows that the 
former controller achieves the temperature steadiness 
within a shorter time and reduces the system overshoot 
significantly. Fig. 14 shows that the control variable, 
pump speed, changes with respect to control demand at a 
rate less than 100 rpm/s, which is within the pump’s 
specification and is desirable for pumps used in small-
scale WHR systems [18]. Fig. 15 illustrates the response 
of the expander power output which is not controlled in 
this strategy. Therefore, the expander output is expected 
to vary with the pump speed (or the mass flow rate) since 
the power output is a function of the mass flow rate of 
the working fluid. 
 
4.2.2 Robustness of fuzzy self-tuning PID controller 
The robustness of the fuzzy self-tuning PID controller 
is examined and compared with the conventional PID 
controller in two scenarios: by investigating the control 
performance with respect to set point tracking under 
high-frequency heat sources and the heat sources with 
high-frequency white noises to the mass flow rate and 
temperature.  
In the first scenario, the high-frequency heat source 
shown in Fig. 16 is applied to the ORC-WHR system. 
The controller performances are examined for its ability 
to track the variable steps set points. Figs. 17-18 
represent the control performance with respect to step 
tracking. Fig. 17 shows that the fuzzy self-tuning PID 
controller has effectively adjusted the evaporator outlet 
temperature even when the set point values are changed. 
It can be seen from Fig. 18 that when the step changes 
occur, the controllers change the control signal greatly 
which reflects in the sudden changes in the pump speed. 
 































































Mass flow rate Temperature
 
Fig. 16. Transient heat sources 
 
























Fig. 17. Response of roT  with respect to variable step 
set points 
 



















Fuzzy Self-tuned PID Conventional PID
 
Fig. 18. Variation of pump speed 
 
In reality, the measurement of the heat source flow 
rate and temperature from sensors is not smooth, instead, 
there is always some degree of noise. To imitate this 
situation, two white noises are added to the mass flow 
rate and temperature shown in Fig. 16. Therefore the heat 
source with the different frequency and amplitude noises 
used in the simulation is shown in Fig. 19. 
The control performance of both controllers with the 
high transient noisy heat source is presented in Figs. 20-
21. The response of the fuzzy self-tuning PID controller 
is within a range of 0.33 K  against the set point 
demand, while it is found to be 0.58 K  for the 
conventional PID controller. The control variable shown 
in Fig. 21 is adjusted according to the set point demand 
in Fig. 20. 
In this simulation, the fuzzy self-tuning PID controller 
showed that the set point of the process variable can be 
tracked more accurately than the conventional PID 
controller despite abrupt fluctuations in the heat source 
inputs. Therefore, it is evident that the developed fuzzy 
self-tuning PID is a robust controller which can be used 
to control the evaporator temperature of the ORC-WHR 
system. 
 



























































Mass flow rate Temperature
 
Fig. 19. Transient heat source with white noises 
        























Fig. 20. Response of roT  with respect to transient heat 
source 



















Fig. 21. Variation of pump speed 
 
 
5. SIMULATION OF SIMULTANEOUS CONTROL 
OF EVAPORATOR TEMPERATURE AND 
EXPANDER OUTPUT 
 
As described earlier, the sudden rise of the pump 
speed in the previous control strategy causes an almost 
instant rise of the expander work output which can be 
seen in Fig. 15. The second control strategy, which 
consists of the evaporator temperature and expander 
output control, in this section is therefore aimed at 
reducing the sudden rise of the expander work output and 
maintaining it at a desired set point. To achieve this, an 
independent Proportional-Integral (PI) controller is used 
to regulate the valve opening, which controls the 
expander work output. Note that the response of an 
expander in ORC-WHR systems is much faster than the 
response of an evaporator, as discussed earlier, and 
hence a simple PI controller is assumed to be sufficient 
for expander output control, which is also supported in 
[18]. The overall WHR control system using the second 
control strategy is therefore shown in Fig. 22. In this 
control system, both the fuzzy-self tuning PID and the PI 
controller are implemented simultaneously. 
 





Fig. 22. Overall control structure of ORC-WHR system 
 
The PI parameters were tuned using MATLAB 
Automatic PID Tuner with the aim of meeting the 
requirements of having 0% overshoot, 1.89 s rise time, 
and 3.2 s settling time. The tuned parameters for the PI 
controller are 0.30pK  and 0.32iK  . 
To simulate the performance of the two controllers in 
the combined control system at a dynamic condition, the 
transient heat source shown in Fig. 16 is imposed on the 
ORC-WHR system.  
Fig. 23 shows that the process variable, evaporator 
outlet temperature, of the fuzzy self-tuning PID 
controller always follows the set point value despite the 
variation of the mass flow rate and temperature of the 
heat source in Fig. 16. However, because of the transient 
nature of the heat source, the process variable never 
reached the steady-state value, which was as expected 
and is similar to the results from the literature in [31]. 
However, in spite of 40 K variation in the heat source 
temperature, the maximum deviation of evaporation 
temperature from the set point value never exceeded 1 K.  
Fig. 24 shows the expander power output when using 
two controllers; the dotted black line represents the 
expander output without the valve control, and the blue 
line represents the output with the valve control. It is 
clearly evident that without the valve control, the 
expander experiences heavy fluctuations during the 
simulation period. This fluctuation may not be a good 
operating condition for an expander in a small-scale 
waste heat recovery application. But with the valve 
control, the expander output remains almost steady 
around the set point except for some disturbances in 
certain times of the operation.  
Figs. 25-26 demonstrate the change of the control 
signals within the operation period. It can be observed 
from Fig. 26 that the valve opening at certain times 
reaches its saturation value, i.e., it is fully open. 
Especially, at the time between t = 2134 s and t = 2330 s. 
This is because at these times the heat quantity in the 
heat source is low, but the temperature at the evaporator 
outlet has to maintain the set point value. In an attempt to 
match the set point temperature, the pump speed is 
reduced (see Fig. 25), which causes a decrease in the 
mass flow rate at the inlet of the valve. Since the mass 
flow rate is a function of the expander work output, the 
valve opens or closes according to the set point value. 
Because of the lower mass flow rate, the valve is fully 
opened to meet the expander output set value. After 
having a deviation from the set point, the PI controller 
regains the control and the work output gets returned to 
the set demand swiftly. 
 




















Fig. 23. Response of evaporator outlet temperature 
 


























 Response (1st strategy)
 
Fig. 24. Response of expander work output 
 




















 Pump speed response
 
Fig. 25. Variation of pump speed 
 






















 Response of Valve
 
Fig. 26. Variation of valve opening 
 
 
6. CONCLUSIONS  
In this paper, the dynamic model of the ORC-WHR 
system was developed and presented. The dynamic 
model was then used to develop control strategies and 
control algorithms to simulate the control performance 
with respect to steady and transient heat input conditions.  
Since the evaporator was the focus of the research, the 
dynamic model of this component was developed using 
the fuzzy inference system which reduces the 
computation time significantly. The proposed model of 
the evaporator was integrated with other components 
such as a pump, an expander, a condenser, an 
accumulator, and a modulating control valve to provide a 
complete overall model of the WHR system.  




Since the operating parameters of the ORC-WHR 
system are influenced by the variable heat sources, two 
control strategies were proposed. The first control 
strategy was aimed at controlling the evaporator outlet 
temperature by regulating the pump speed, which was 
found to be critical in this research. To improve control 
performance, the PID parameters were adjusted in real 
time using the fuzzy inference system. The performance 
of the fuzzy self-tuning PID controller was compared 
with the conventional PID controller and results 
indicated that the fuzzy self-tuning PID controller 
improved the control performance significantly. This 
demonstrates that the developed fuzzy self-tuning PID 
controller is robust enough to handle the uncertain 
disturbances which are common in the WHR systems. 
The second control strategy, on the other hand, was 
aimed at controlling the expander power output by 
adjusting the valve opening. In this strategy, the 
expander output was controlled by an independent PI 
controller along with the fuzzy self-tuning PID controller 
which was used to control the evaporator outlet 
temperature. The second strategy provides a better 
control of the process variables of the ORC-WHR 
system. 
Although the performance of the fuzzy self-tuning PID 
controller in set point tracking and disturbance rejection 
has improved significantly, the controller’s capabilities 
will have to be explored in the context of start-up and 
shut-down procedures to ensure the safety of the ORC-
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